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'(1(5*3ROLWHFQLFR7RULQR7RULQR,WDO\
,&,((7HFKQLFDO8QLYHUVLW\RI'HQPDUN'78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

$%675$&7
$QLQFUHDVLQJDWWHQWLRQKDVEHHQDGGUHVVHGLQWKHODVW
\HDUV WR WKHDVVHVVPHQWDW WKHVDPHWLPHRIHQHUJ\
SHUIRUPDQFHV DQG LQGRRU HQYLURQPHQWDO TXDOLW\ LQ
EXLOGLQJV )RFXVLQJ RQ WKHUPDO FRPIRUW UHFHQW
LQWHUQDWLRQDOVWDQGDUGVDV,62(1DQG(1
LQWURGXFH FULWHULD IRU XVLQJ FDWHJRULHV LQ WKH LQGRRU
HQYLURQPHQWDODVVHVVPHQWRIDEXLOGLQJ$WWKHVDPH
WLPH DOVR XVH RI ORZ WHPSHUDWXUH KHDWLQJ DQG KLJK
WHPSHUDWXUH FRROLQJ V\VWHPV LQ QRQUHVLGHQWLDO
EXLOGLQJVKDVLQFUHDVHGGXHWRWKHHQHUJ\HIILFLHQF\
DQGWKHHFRQRPLFDOFRROLQJDQGKHDWLQJSHUIRUPDQFH
RIWKLVNLQGRISODQWV
7KLV SDSHU SUHVHQWV DQ H[SHULPHQWDO VWXG\ LQ DQ
RIILFHEXLOGLQJLQ'HQPDUNZKHUHFRROLQJLQVXPPHU
LV SURYLGHG E\ WKHUPDOO\ DFWLYDWHG EXLOGLQJ V\VWHPV
7$%6 ,QGRRU FOLPDWH TXDOLW\ HYDOXDWLRQ FRROLQJ
V\VWHP SHUIRUPDQFH DQG HQHUJ\ FRQVXPSWLRQ IRU D
VSHFLILF URRPZHUHDQDO\]HGZLWKGLIIHUHQW OHYHOVRI
LQWHUQDO JDLQV 7KH H[SHULPHQWV ZHUH FDUULHG RXW
PRQLWRULQJ DLU DQG RSHUDWLYH WHPSHUDWXUH UHODWLYH
KXPLGLW\DQG&2 OHYHOV LQ WKHURRPZKHUH LQWHUQDO
KHDW JDLQV IURP SHRSOH ZKHUH FRQWUROOHG DQG
VLPXODWHGE\KHDWHGGXPPLHVSRVLWLRQHGDWWKHVDPH
ZRUNVWDWLRQV XVHG E\ HPSOR\HHV GXULQJ WKH
ZRUNGD\V 6XSSO\ DQG UHWXUQ ZDWHU WHPSHUDWXUH LQ
WKH SLSHV RI WKH K\GURQLF V\VWHP DQG HQHUJ\
FRQVXPSWLRQ RI WKH FKLOOHUV ZHUH PRQLWRUHG 7KH
SHUIRUPDQFHRI WKLV WHVW URRPZDV DOVR DQDO\]HGE\
WKHG\QDPLFEXLOGLQJVLPXODWLRQWRRO(QHUJ\3OXV
7KH SDSHU LQFOXGHV D FRPSDULVRQ EHWZHHQ
H[SHULPHQWDO FROOHFWHG GDWD DQG VLPXODWLRQ UHVXOWV
%HVLGHV WKH SDSHU VKRZ H[DPSOH RQ KRZ WR SUHVHQW
GDWD IURP ORQJWHUP PHDVXUHPHQWV RU VLPXODWLRQ
UHVXOWV

,1752'8&7,21
,QWHUHVW LQ ORZ WHPSHUDWXUH KHDWLQJ DQG KLJK
WHPSHUDWXUH FRROLQJ V\VWHPV LQ QRQUHVLGHQWLDO
EXLOGLQJVKDV LQFUHDVHG LQ WKH ODVW\HDUV7KHUHDVRQ
RI WKLVDWWHQWLRQ LVGXH WR WKHKLJKHQHUJ\HIILFLHQF\
DQG WKH FRVW UHGXFWLRQV DFKLHYDEOHZLWK WKLV NLQGRI
V\VWHPV 7KHVH V\VWHPV DUH FKDUDFWHUL]HG E\ WKH
SLSHV HPEHGGHG LQ WKH VWUXFWXUDO FRQFUHWH VODEV RI
PXOWLVWRUH\EXLOGLQJV%DELDNHWDO LQRUGHU
WR JHWPRUHPDVV DQG WKHUPDO FDSDFLW\ 'H&DUOL HW
DO$FFRUGLQJWR2OHVHQHWDOGLIIHUHQW
V\VWHPFRQILJXUDWLRQVEDVHGRQ WKHEXLOGLQJ WKHUPDO
VWRUDJH DFWLYDWLRQ DUH FDOOHG 7$%6 7KHUPR$FWLYH
%XLOGLQJ 6\VWHP 6ODEV DUH WKHUPDOO\ DFWLYDWHG E\
ZDWHU RU DLU )HXVWHO DQG 6WHWLX  6DQWDPRXULV
DQG$VLPDNRSRXORV%UDXQWKDWRSHUDWH
ZLWK VPDOO GLIIHUHQFH EHWZHHQ URRP DLU DQG+9$&
V\VWHP WHPSHUDWXUH DOORZLQJ WKH XVH RI ORZ
WHPSHUDWXUHKHDW VRXUFHV 2OHVHQ ([FHSW IRU
WKLVWKHUPDOVWRUDJHHIIHFWWKH7$%6GHVLJQLVEDVHG
RQ WKH VDPH SDUDPHWHUV FKDUDFWHUL]LQJ RWKHU UDGLDQW
V\VWHPVVSDFLQJDQGGLDPHWHURIWKHSLSHVWKLFNQHVV
RIFRQFUHWHOD\HUZDWHUWHPSHUDWXUHZDWHUPDVVIORZ
UDWH 2OHVHQ  +DDVH DQG $QGHUVRQ 
7KH KLJK ZDWHU WHPSHUDWXUH IRU FRROLQJ VKRZV DQ
RYHUDOOHQHUJ\FRQVXPSWLRQ ORZHU WKDQFRQYHQWLRQDO
DLUFRQGLWLRQLQJV\VWHPVDQGRIIHUVWKHSRVVLELOLW\RI
XVLQJ UHQHZDEOH RU UHFRYHU\ VRXUFHV RI HQHUJ\ RU
WHFKQRORJLHV QRW XVDEOH LQ WUDGLWLRQDO V\VWHPV
9HQWLODWLRQFRPELQHGZLWK7$%6DSSHDUVWREHYHU\
SURPLVLQJ DOWHUQDWLYH WR FRQYHQWLRQDO DOODLU V\VWHP
HYHQ IRU FRQWLQHQWDO FOLPDWHV RIIHULQJ ERWK
VLJQLILFDQWSULPDU\HQHUJ\VDYLQJVDVZHOODVWKHUPDO
FRPIRUW DGYDQWDJHV +HQ]H HW DO  ,Q IDFW WKH
YHQWLODWLRQV\VWHPVDUHKHUHGHVLJQHGWRSURYLGHRQO\
VWDQGDUGUHTXHVWHG DPRXQW RI IUHVK DLU WR UHPRYH
ODWHQW ORDGV DQG WR VXSSOHPHQW LQSHDN KRXUVZKLOH
WKHUPDOORDGVFDQEHEDODQFHGXVLQJ7$%6)RUWKLV
UHDVRQWKHGXFWVVL]HRIWKHYHQWLODWLRQV\VWHPFDQEH
VPDOOHU DQG VXVSHQGHG FHLOLQJV DUH QRW QHHGHG
3IDIIHURWW HW DO  7DONLQJ DERXW SDVVLYHO\
FRROHG ORZHQHUJ\ RIILFH EXLOGLQJV LQ PRGHUDWH
(XURSHDQ VXPPHU FOLPDWH D JRRG WKHUPDO FRPIRUW
FDQEHSURYLGHGUHPRYLQJKHDWORDGVRQO\E\7$%6
XVLQJ JURXQG FRROLQJ DQGRU QLJKW YHQWLODWLRQ
0RUHRYHU WKLV NLQG RI V\VWHP DOORZV WR UHPRYH WKH
GD\WLPHSHDNVORDGVGXULQJWKHQLJKWWLPHZKHQWKH
SULFHVRIHOHFWULFLW\DUH ORZHU 5LMNVHQHW DO
DQG WR XVH ZDWHU WHPSHUDWXUH LQ WKH SLSHV FORVH WR
GHVLUHGURRPWHPSHUDWXUH,WLVLPSRUWDQWWRKLJKOLJKW
WKDW RSHUDWLYH WHPSHUDWXUHGULIWV LQ WKH URRPFDQEH
H[SHFWHG EHFDXVH LW FDQQRW EH FRQWUROOHG DV D IL[HG
OHYHO 2OHVHQ  6LJQLILFDQW HQHUJ\ VDYLQJ FDQ
EH DFKLHYHG XVLQJ DGDSWHG V\VWHP WRSRORJLHV DQG
DSSO\LQJ DSSURSULDWH FRQWURO VROXWLRQV IRU 7$%6
/HKPDQHWDO/HKPDQHWDO
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([DPSOHV RI 7$%6 DSSOLFDWLRQ LQ DUFKLWHFWXUHV DUH
GHVFULEHG LQ +HQ]H HW DO  DQG LQ %DELDN HW
DO ,Q OLWHUDWXUHVWXGLHVDERXWSHUIRUPDQFHRI
WKHV\VWHPVFRQWUROVDQGWKHUPDOFRPIRUWDUHPDLQO\
FRQGXFWHG WKURXJK VLPXODWLRQV WRROV OLNH 7516<6
DQG(QHUJ\3OXV2OHVHQ%DELDNHWDO
/HKPDQ HW DO  /HKPDQ HW DO  ,Q
SDUWLFXODULQ+HQ]HHWDOSULPDU\HQHUJ\DQG
FRPIRUW SHUIRUPDQFH RI YHQWLODWLRQ DVVLVWHG WKHUPR
DFWLYH EXLOGLQJ V\VWHPV UHODWLYH WR D FRQYHQWLRQDO
DOODLU V\VWHP LQ D FRPSDFW RIILFH EXLOGLQJ DUH
FRPSDUHG ,Q )HOOLQ DQG6RPPHU  VLPXODWLRQ
ZLWK 7516<6 DQG &$50  DUH FRQGXFWHG IRU D
EXLOGLQJ ORFDWHG LQ WZRGLIIHUHQWFRXQWULHVZLWK WZR
GLIIHUHQWVWUDWHJLHVRIYHQWLODWLRQDQG WZRSRVVLELOLW\
RIV\VWHPVZLWKJRRGUHVXOWV IRUFRPIRUWFRQGLWLRQV
LQ ERWK KHDWLQJ DQG FRROLQJ VHDVRQ ,Q *ZHUGHU HW
DO  D PHWKRG IRU GLPHQVLRQLQJ DQG IRU
DXWRPDWHG FRQWUROV RI 7$%6 LV SURSRVHG ZLWK WKH
VXSSRUWRIG\QDPLFVLPXODWLRQV
,QVRPHFDVHVORQJWHUPPHDVXUHPHQWVDUHSHUIRUPHG
WRFDOLEUDWHDQGYDOLGDWH WKH VLPXODWLRQPRGHO .DO]
HW DO  7LDQ DQG /RYH  ,Q RWKHU FDVHV
WKH PRGHO VXSSRUWV WKH PHDVXUHPHQWV LQ WKH
HYDOXDWLRQ RI WKHUPDO FRPIRUW DQG HQHUJ\
SHUIRUPDQFHRI+9$&'H&DUOLHWDO2QO\LQ
YHU\ IHZ VWXGLHV LV WKH SHUIRUPDQFH RI D 7$%6
V\VWHP HYDOXDWHG PDLQO\ E\ PHDVXUHPHQWV
=LPPHUPDQQDQG$QGHUVVRQ
$LP RI WKH ZRUN LV WR HYDOXDWH WKH 7$%6
SHUIRUPDQFH WKURXJK ILHOG WHVW LQ D UHDO RIILFH
EXLOGLQJ XVLQJ VLPXODWLRQV WRROV LQ WKH VWDUWXS DQG
LQ WKH ILQDO SKDVH RI WKH SURFHVV WR VXSSRUW WKH
LQYHVWLJDWLRQV 7KH VWXG\ FRQVLVWV LQ WKH DVVHVVPHQW
RI WKH 7$%6 K\GURQLF V\VWHP DW WKH YDULDWLRQ RI
LQWHUQDOORDGVLQVXPPHU

0(7+2'6
7KHILHOGWHVWVWRRNSODFHGXULQJVXPPHULQDQ
RSHQ SODQ RIILFH WKDW ZDV SDUW RI D ELJJHU RIILFH
EXLOGLQJ VLWXDWHG LQ'HQPDUN+HDWHG GXPPLHV DQG
KHDWHUV ZHUH SRVLWLRQHG DW WKH VDPH ZRUNVWDWLRQV
XVHGE\HPSOR\HHVGXULQJWKHZRUNGD\VDQGORFDWHG
KRPRJHQHRXVO\ LQ RWKHU HPSW\ DUHDV RI WKH URRP
ZLWK WKHDLP WR VLPXODWH LQWHUQDO JDLQV IURPSHRSOH
FRPSXWHUV DQG RWKHU VRXUFHV 'XULQJ WKH
H[SHULPHQWVG\QDPLFVLPXODWLRQVSHUIRUPHGWKURXJK
HQHUJ\ VLPXODWLRQ WRROV ZHUH FRQGXFWHG
VLPXOWDQHRXVO\ ZLWK SK\VLFDO PHDVXUHPHQWV 7KH
HQWLUH LQYHVWLJDWLRQ SURFHVV FDQ EH GLYLGHG LQ IRXU
GLIIHUHQW SKDVHV GHHSHQ GHVFULEHG LQ WKH
³([SHULPHQWGHVFULSWLRQ´SDUDJUDSK 
 
Case Study 
7KHRIILFHLVDPEXLOGLQJVLWXDWHGLQ'HQPDUN
/DW /RQ 0RVW RI WKH EXLOGLQJ DUHDV
DUHRFFXSLHGE\EDQNRIILFHVZKLOHVRPHURRPVKDYH
EHHQ GHVLJQHG LQ RUGHU WR EH UHQWHG WR H[WHUQDO
DFWLYLWLHV7KHEXLOGLQJLVVWUXFWXUHGLQWKUHHGLIIHUHQW
OHYHOV 2Q HDFK IORRU DOVR VLQJOH RIILFHV PHHWLQJ
URRPV DQG RWKHU URRPV IRU GHGLFDWHG VHUYLFHV DUH
SODFHG 7KH EXLOGLQJ HQYHORSH LV PDGH PDLQO\ E\
VWUXFWXUDO JODVV ZLWK WKHUPDO WUDQVPLWWDQFH 8 
>:P.@ DQG ZLWK WKH WUDQVPLVVLRQ FRHIILFLHQW
YLVLEOH OLJKWVRODU HQHUJ\ HTXDO WR >@7KH
RIILFHVDUHQRUPDOO\RFFXSLHGGXULQJGDLO\WLPHIURP
WRIURP0RQGD\ WR)ULGD\7KHUPDODQG
DLU TXDOLW\ LQ WKH EXLOGLQJ DUH JXDUDQWHHG E\ D
GLIIHUHQW FRPELQDWLRQ RI V\VWHPV+HDWLQJ LQ ZLQWHU
LV SURYLGHG LQSDUW E\ FRQYHFWRUV DQG LQSDUW E\ DQ
K\GURQLF V\VWHP IORRU KHDWLQJ ZKLOH FRROLQJ LQ
VXPPHULVJLYHQLQSDUWE\DQK\GURQLFV\VWHPIORRU
FRROLQJ DQG LQ SDUW E\ 7$%6 IRU 6RXWK:HVW
H[SRVHG RIILFHV $OVR WKH YHQWLODWLRQ V\VWHP LQ
DGGLWLRQ WR DLU TXDOLW\ FRQWURO FRQWULEXWHV WR DGG RU
UHPRYH SHDN ORDGV UHVSHFWLYHO\ LQ ZLQWHU DQG
VXPPHU SHULRG LQ VRPH SDUW RI WKH EXLOGLQJ 7KH
YHQWLODWLRQ LV QDWXUDO LQ ODUJH RSHQ VSDFHV DQG
PHFKDQLFDOLQPHHWLQJURRPVDQGVLQJOHRIILFHV
7KHVSHFLILFLQYHVWLJDWLRQKDVEHHQSHUIRUPHGLQRQH
VHOHFWHG URRP RI WKH EXLOGLQJ VLWXDWHG DW WKH ILUVW
IORRU RIZKLFK D VFKHPDWLF UHSUHVHQWDWLRQ LV VKRZQ
LQ)LJXUH

)LJXUH6FKHPHRIWKHDQDO\]HGURRP
7KLV URRPKDV D6RXWK(DVW H[SRVXUH DQG WKH IORRU
VXUIDFHLVHTXDOWRP,QZLQWHUWLPHKHDWLQJLV
JXDUDQWHHGE\FRQYHFWRUVORFDWHGRQWKHIORRUDORQJ
WKH IDoDGH DQG EDODQFHG E\PHFKDQLFDO YHQWLODWLRQ
,Q VXPPHU D WKHUPDO DFWLYH EXLOGLQJ V\VWHP
LQWHJUDWHG LQ WKH FHLOLQJ FRPELQHGZLWKPHFKDQLFDO
YHQWLODWLRQ SURYLGHV WR FRRO WKH HQYLURQPHQW %RWK
WKH IORRU DQG WKH FHLOLQJ VODEV RI WKH URRP KDYH D
UDLVHG IORRU ZLWK DFRXVWLF LQVXODWLRQ DQG SLSHV
HPEHGGHG LQ WKH ORZHU SDUW RI WKH FRQFUHWH VODE $
IORRUKHDWLQJFRROLQJLVVLWXDWHGLQWKHXSSHUOD\HURI
WKH FHLOLQJ VODEZLWK WKH DLP WR KHDWFRRO WKH URRP
DERYH7KHOLJKWLQJOHYHOLQWKHURRPLVFRQWUROOHGE\
VHQVRUVRISUHVHQFHDQGWKHLQWHQVLW\RIWKHDUWLILFLDO
OLJKWV LV EDODQFHG ZLWK WKH QDWXUDO OLJKW 7KHUH DUH
DXWRPDWLF DQG PDQXDOO\ FXUWDLQV IRU VRODU UDGLDWLRQ
FRQWURO DQG WKH HPSOR\HHV KDYH WKH SRVVLELOLW\ WR
RSHQFORVHWKHZLQGRZV

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(YHQLIRQHRIWKHFKDUDFWHULVWLFVRIWKH7$%6LVWKDW
LW DOORZV WR DYRLG WKH VXVSHQGHG FHLOLQJ +DDVH DQG
$QGHUVRQ  LQ WKLV FDVH D VXVSHQGHG FHLOLQJ
PDGH LQ VWHHO EDUV GLVWDQW  FP IURP WKH VODE
LQWHJUDWHV WKH OLJKW DQG KLGHV WKH GXFWV RI WKH
YHQWLODWLRQV\VWHP

Experiment description 
3KDVH([SHULPHQWVHWXSFRQGLWLRQ
,QRUGHUWRGHWHUPLQHWKHOHYHORIKHDWJDLQVWRLQVWDOO
LQ WKH H[DPLQHG URRP G\QDPLFV VLPXODWLRQV ZHUH
SHUIRUPHGZLWKWKHVXSSRUWRIWKHHQHUJ\VLPXODWLRQ
WRRO7516<67KHXVHRIVLPXODWLRQVLQ
WKH ILUVW SKDVH RI WKH SURFHVV DOORZHG WR VROYH WKH
HQHUJ\EDODQFHRI WKHURRPLQFRROLQJPRGHJLYLQJ
DV RXWSXWV WKH RSHUDWLYH WHPSHUDWXUH DQG WKH WRWDO
LQWHUQDOJDLQVWRLQVHUWLQWKHURRPZLWKWKHVFRSHWR
UHDFK GLIIHUHQW OHYHOV RI LQWHUQDO ORDGV 7KURXJK WKH
VLPXODWLRQ PRGHO LW ZDV SRVVLEOH WR LQWURGXFH
GLIIHUHQW OHYHOV RI LQWHUQDO JDLQV LQ WKH URRP E\
DGGLQJSHRSOHDQGFRPSXWHUVLQWKHRIILFH0RUHRYHU
7516<6 DOORZHG WR VLPXODWH WKH 7$%6 V\VWHP
VHWWLQJWKHLQOHWWHPSHUDWXUHLQWKHSLSHVDVDFRQVWDQW
YDOXH )RU WKHVH VLPXODWLRQV WKH WHPSHUDWXUH ZDV
IL[HG&DFFRUGLQJZLWKWKHGDWDPRQLWRUHGGXULQJ
WKHGD\VEHIRUHWKHH[SHULPHQWV7KHREMHFWLYHRIWKH
VLPXODWLRQV ZDV WR HVWLPDWH KRZPDQ\ GXPPLHV 
GXPP\ SHUVRQFRPSXWHU :KDGWREH
SODFHG LQ WKH URRP WR UHDFK KLJK OHYHOV RI FRROLQJ
ORDGLQWKHURRP
'XULQJ WKLV ILUVW VWHS RI VLPXODWLRQ WKH RIILFH ZDV
PRGHOHGVLPSOLI\LQJWKHURRPVKDSHDVDUHFWDQJXODU
EDVHG URRP P [ P KLJK P 7ZR RI WKH
IRXUZDOOVRIWKHURRPZHUHH[WHUQDOZDOOV6RXWKDQG
(DVW H[SRVHG7KH8 YDOXH RI WKH ZLQGRZVZDV VHW
:P.ZKLOH WKH8YDOXHIRU WKHZDOOVZDVVHW
 :P. 7KH UHODWLRQVKLS EHWZHHQ WUDQVSDUHQW
DQGRSDTXHVXUIDFHZDV7KHRWKHUWZRSHULPHWHU
ZDOOV WKH IORRU DQG WKH FHLOLQJ ZHUH FRQVLGHUHG
DGLDEDWLF
6LPXODWLRQVZHUHSHUIRUPHGFRQVLGHULQJ
- $UWLILFLDO OLJKWV UHJXODWHGDFFRUGLQJZLWK WKHVRODU
UDGLDWLRQ
- 9HQWLODWLRQ V\VWHP WRWDO IORZ UDWH  DFK 
HVWLPDWHG IURP GHVLJQ GRFXPHQWDWLRQ DLU VXSSO\
WHPSHUDWXUH &  DYHUDJH YDOXH HVWLPDWHG IURP
WKHGDWDFROOHFWHGWKURXJKPHDVXUHPHQWVSHUIRUPHG
LQ0D\
- 7516<6ZHDWKHUILOHIRUWKHFLW\RI&RSHQKDJHQ
6LPXODWLRQV KDYH EHHQ SHUIRUPHG FRQVLGHULQJ WKH
YHQWLODWLRQV\VWHPDOZD\VRQDQGSHRSOHLQWKHURRP
IRU  K D GD\ EHFDXVH LW ZDV GHFLGHG WR FDUU\ RXW
H[SHULPHQWV DOVR GXULQJ QLJKW WLPH DQG ZLWK WKH
YHQWLODWLRQ V\VWHP DOZD\V RQ ,Q WKLV ZD\ LW ZDV
SRVVLEOH WR HYDOXDWH WKH OHYHO RI LQWHUQDO ORDG WKDW LW
ZDVSRVVLEOHWRUHDFKZLWKRXWVRODUUDGLDWLRQ
6LPXODWLRQV ZHUH SHUIRUPHG IRU VXQQ\ DQG FORXG\
GD\V RI $XJXVW ,Q IDFW LQ FDVH RI ILHOG
PHDVXUHPHQWVZKHUH WKHERXQGDU\FRQGLWLRQVFRXOG
QRW EH FRQWUROOHG D SUHYHQWLYH HYDOXDWLRQ ZDV
QHFHVVDU\LQFDVHFKDQJLQJRIWKHH[SHULPHQWVVHWWLQJ
ZHUH QHHGHG DFFRUGLQJZLWK WKH ZHDWKHU FRQGLWLRQ
ZKHQPHDVXUHPHQWVZHUHDOUHDG\UXQQLQJ
3KDVH,QILHOGPHDVXUHPHQWV
0HDVXUHPHQWVZHUHFDUULHGRXWLQ WKHVHOHFWHGURRP
IURP$XJXVW  WR $XJXVW    'XULQJ WKHVH
H[SHULPHQWV GLIIHUHQW OHYHOV RI LQWHUQDO ORDGV ZHUH
LQVHUWHGLQWKHRIILFHDFFRUGLQJZLWKRXWVLGHZHDWKHU
FRQGLWLRQ DQG EDVHG RQ WKH UHVXOWV IURP WKH
VLPXODWLRQV7KHUHIRUHGLIIHUHQWVFHQDULRVRIDQDO\VLV
ZHUHFRQVLGHUHGGXULQJWKHWHVWV7KHVHVHWWLQJVZHUH
WKUHH DQGZHUH FKDUDFWHUL]HGE\ WKH LQWURGXFWLRQRI
LQWHUQDOJDLQVDVLWIROORZV
- )LUVW 6FHQDULR 6   GXPPLHV  N: DQG 
KHDWHUVN:
- 6HFRQG6FHQDULR6GXPPLHVN:
- 7KLUG6FHQDULR6LQDGGLWLRQWRWKHGXPPLHV
N:LQWKHURRPWKHUHZHUHSHRSOHZLWK
FRPSXWHUVN:
%HFDXVHRIWKHOLPLWHGQXPEHURIDYDLODEOHGXPPLHV
DQGEHFDXVHRI WKH DEVHQFHRI VRODU UDGLDWLRQ LQ6
WKHKHDWJDLQVZHUHLQFUHDVHGE\LQVHUWLQJKHDWHUV
'XULQJWKHWHVWVSK\VLFDOSDUDPHWHUV7DEOHZHUH
FROOHFWHG LQ WKH URRP WKURXJK WKH XVH RI D VWDQG
SRVLWLRQHG LQ WKH FHQWHU RI WKH URRP RQ ZKLFK
GLIIHUHQW NLQG RI VHQVRUV ZHUH ORFDWHG DW GLIIHUHQW
KHLJKWV 7KHQ RSHUDWLYH WHPSHUDWXUH DQG VXUIDFHV
WHPSHUDWXUHV ZHUH DOVR FROOHFWHG LQ GLIIHUHQW SRLQWV
RIWKHURRP$WWKHVDPHWLPHDZHDWKHUVWDWLRQZDV
ORJJLQJ GDWD DERXW WKH RXWVLGH HQYLURQPHQW DQG
VHQVRUV RI WHPSHUDWXUH ZHUH PHDVXULQJ WHPSHUDWXUH
RI WKH IOXLGV LQ WKH V\VWHPV $OO WKH PRQLWRUHG
SDUDPHWHUV WKH W\SRORJ\ RI VHQVRUV WKHLU SRVLWLRQ
DQGWKHIUHTXHQF\RIDFTXLVLWLRQDUHOLVWHGLQ7DEOH
1RWHGXULQJ WKHH[SHULPHQW WKHIORRUFRROLQJRI WKH
URRPDERYHWKHWHVWHGRQHZDVQRWZRUNLQJ
 
Results of the monitored parameters  
2XWVLGHZHDWKHUFRQGLWLRQVWHPSHUDWXUHSURILOHVDQG
RSHUDWLQJ RI WKH FRROLQJ DQG YHQWLODWLRQ V\VWHPV
GXULQJWKHH[SHULPHQWVDUHVKRZQLQWKLVSDUDJUDSK

)LJXUH±2XWVLGHWHPSHUDWXUHDQG6RODUUDGLDWLRQ
GXULQJWKHGD\VRIH[SHULPHQWV
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7DEOH0RQLWRUHGSDUDPHWHUVGXULQJH[SHULPHQWV
Parameter N. of probes Position of the sensors Instrument 
Acquisition 
Frequency  
(19,5210(17,17+(5220
2SHUDWLYH7HPSHUDWXUH
>&@
 +RPRJHQHRXVO\GLVWULEXWHGLQWKHURRPDWWKHKLJKRIFP *UD\JOREHVHQVRU PLQXWHV
 3RVLWLRQHGRQRQHVWDQGLQWKHFHQWHURIWKHURRPDWKHLJKWVFPFPFPFP *UD\JOREHVHQVRU PLQXWH
$LU7HPSHUDWXUH>&@
 ,QVWDOOHGDWWDFKHGWRDZDOOLQDFHQWUDOSRVLWLRQRIWKHURRPDWWKHKHLJKWRIFP
7KHUPRUHVLVWDQFH
SHUPDQHQW PLQXWHV
 ,QWKHFHQWHURIWKHURRPDWKHLJKWVFPFPFPFP 7KHUPRUHVLVWDQFH PLQXWH
$LU9HORFLW\>PV@  ,QWKHFHQWHURIWKHURRPDWKHLJKWVFPFPFPFP $QHPRPHWHU VHFRQG
6XUIDFH7HPSHUDWXUH
>&@ 
'LIIHUHQWSRLQWVRIWKHURRPZLQGRZVZDOOV
IORRUFHLOLQJDQGVXVSHQGHGFHLOLQJ 7KHUPRFDPHUD
KRXUV
LISRVVLEOH
5HODWLYH+XPLGLW\>@  ,QWKHFHQWHURIWKHURRPDWKHLJKWVFPFPFPFP $QHPRPHWHU PLQXWH
&2FRQFHQWUDWLRQ
>SSP@ 
,QVWDOOHGDWWDFKHGWRDZDOOLQDFHQWUDOSRVLWLRQRI
WKHURRPDWWKHKHLJKWRIFP &2VHQVRU PLQXWHV
287'225(19,520(17
$LU7HPSHUDWXUH>&@ 
,QVWDOOHGRQD:HDWKHU6WDWLRQSRVLWLRQHGRXWVLGH
WKHEXLOGLQJ
7KHUPRUHVLVWHQFH PLQXWHV
5HODWLYH+XPLGLW\>@  3V\FURPHWHU PLQXWHV
:LQG6SHHG>PV@DQG
'LUHFWLRQ>GHJ@  $QHPRPHWHU PLQXWHV
6RODUUDGLDWLRQ>:P@  6RODULPHWHU PLQXWHV
6<67(06
6XSSO\$LU7HPSLQWKH
YHQWLODWLRQV\VWHP 
3RVLWLRQHGLQDGLIIXVHURIVXSSO\DLULQWKHFHQWUH
RIWKHURRP 7KHUPRUHVLVWHQFH PLQXWHV
5HWXUQ$LU7HPSLQWKH
YHQWLODWLRQV\VWHP 
3RVLWLRQHGLQGXFWVRIH[KDXVWDLULQGLIIHUHQW
SRLQWVRIWKHURRP 7KHUPRUHVLVWHQFH PLQXWHV
2SHQLQJRIWKHGXPSHUV  6LWXDWHGLQSUR[LPLW\RIWKHGXPSHUVLQWKHVXSSO\DQGH[KDXVWGXFWVRIWKHYHQWLODWLRQV\VWHP
2SHQLQJGDPSHUV
VHQVRU PLQXWHV
6XSSO\:DWHU7HPSLQ
WKH7$%6 
3RVLWLRQHGLQWKHVXSSO\ZDWHUSLSHDWWKH
EHJLQQLQJRIWKHURRPFLUFXLW 7KHUPRUHVLVWHQFH PLQXWHV
5HWXUQ:DWHU7HPSLQ
WKH7$%6 
3RVLWLRQHGLQWKHUHWXUQZDWHUSLSHDWWKHHQGRI
WKHURRPFLUFXLW 7KHUPRUHVLVWHQFH PLQXWHV

)LJXUHVKRZVWKHVRODUUDGLDWLRQDQGWKHRXWVLGHDLU
WHPSHUDWXUH FROOHFWHG E\ WKH ZHDWKHU VWDWLRQ 7KH
JUDSK DOVR LOOXVWUDWHV WKH WKUHH VFHQDULRV'XULQJ6
DQG 6 WKH VRODU UDGLDWLRQ ZDV UHDOO\ ORZ ZKLOH LW
ZDV KLJKHU EXW GLVFRQWLQXRXV LQ WKH WKLUG VFHQDULR
7KHDYHUDJHRXWGRRUWHPSHUDWXUHUDLVHGRIDERXW&
HDFKGD\GXULQJWKHGD\WLPH,QWKHDQDO\]HGURRP
DV LW FDQ EH VHHQ IURP )LJXUH  WKH YHQWLODWLRQ
V\VWHPVWDUWHG WRUXQLQWKHPLGGOHRI6DW
DQG IURP WKDWPRPHQW WKH VXSSO\ZDWHU WHPSHUDWXUH
LQ WKH SLSHV IOXFWXDWHG EHWZHHQ  DQG & 7KH
WHPSHUDWXUH LQ WKH URRP ZDV VHW DV & 7KH
YHQWLODWLRQV\VWHPZDVZRUNLQJ LQ6GXULQJ WKHGD\
WLPHZLWKOLWWOHIORZUDWHDQGVXSSO\DLUWHPSHUDWXUH
&,WZDVVZLWFKHGRIIGXULQJ6DQGVZLWFKHGRQ
DJDLQ GXULQJ 6 ,Q WKH EHJLQQLQJ RI 6 ERWK
YHQWLODWLRQ DQG 7$%6 V\VWHPV ZHUH QRW ZRUNLQJ
'XULQJ WKH GD\ MXVW WKH YHQWLODWLRQ V\VWHP ZDV
FRROLQJDQGWKHQLQWKHQLJKWMXVWWKH7$%6V\VWHP
ZDVRSHUDWLQJ ,Q6 WKH FRROLQJZDVRQO\SURYLGHG
E\ 7$%6:KLOH LQ 6 ERWK 7$%6 DQG YHQWLODWLRQ
V\VWHPVZHUHZRUNLQJWRJHWKHU

)LJXUH7HPSHUDWXUHSURILOHVRIDYHUDJHRSHUDWLYH
WHPSHUDWXUHLQWKHURRPVXSSO\DQGH[KDXVWDLU
WHPSHUDWXUHLQWKHYHQWLODWLRQV\VWHPDQGVXSSO\DQG
UHWXUQZDWHUWHPSHUDWXUHLQWKHSLSHV
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6XSSO\$LU7YHQWLODWLRQ
5HWXUQ$LU7YHQWLODWLRQ
6XSSO\:DWHU7LQWKHWDEV
5HWXUQ:DWHU7LQWKHWDEV
$YHUDJH2SHUDWLYH7
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
)LJXUH$YHUDJHDLURSHUDWLYHDQGVXUIDFHV
WHPSHUDWXUHLQWKHURRPIRUWKHWKUHHVFHQDULRV

)LJXUH  VKRZV WRJHWKHU ZLWK WKH DYHUDJH DLU 7D
DQGRSHUDWLYH7RWHPSHUDWXUHWKHDYHUDJHVXUIDFHV
WHPSHUDWXUH 7VXS PHDVXUHG ZLWK WKH LQIUDUHG
FDPHUD RI IORRU FHLOLQJ DW  FP VXVSHQGHG
FHLOLQJ DQG FHLOLQJ DW  FP FRQFUHWH VXUIDFH
:KLOHIORRUDQGVXVSHQGHGFHLOLQJWHPSHUDWXUHVZHUH
LQ JHQHUDO UHDOO\ FORVH WR WKH DLU WHPSHUDWXUH LQ WKH
URRP DOPRVW FRQVWDQW DW GLIIHUHQW KHLJKWV LQ DOO WKH
VFHQDULRV FHLOLQJ WHPSHUDWXUH GLIIHUHG RI DW OHDVW
& IURP WKH DLU WHPSHUDWXUHZKHQ WKH V\VWHPZDV
RSHUDWLQJ 7KH VXUIDFH WHPSHUDWXUHV RI WKH IORRU
GHQRWH WKDW WKH WDEV LQWHJUDWHG RQ WKH FHLOLQJ RI WKH
URRP EHORZ JURXQG IORRU ZHUH QRW UHPRYLQJ DQ\
VLJQLILFDQWORDGIURPWKHDQDO\]HGURRP7KHDYHUDJH
YDOXHVVKRZHGE\WKHJUDSKUHSUHVHQWDWLPHLQWHUYDO
ZKHUH WHPSHUDWXUHV ZHUH DOPRVW FRQVWDQW DQG WKH
V\VWHPV ZHUH ZRUNLQJ 'XULQJ 6 WKH LQWHUYDO
UHSUHVHQWV D SHULRG RI QLJKW WLPH LQ ZKLFK VXUIDFHV
WHPSHUDWXUHVFRXOGQRWEHFROOHFWHG
3KDVH  &DOLEUDWHG G\QDPLF VLPXODWLRQV DQG
FRROLQJORDGVGHWHUPLQDWLRQ
7KHDLPRIWKLVSKDVHZDVWRHYDOXDWHWKHUHDOFRROLQJ
ORDGLQWKHURRPGXULQJWKHH[SHULPHQWV)RUWRUHDFK
WKLVREMHFWLYHWKHWRRO(QHUJ\3OXVKDVEHHQXVHGIRU
SHUIRUPLQJFDOLEUDWHGHQHUJ\VLPXODWLRQ7KHFKRLFH
RI HPSOR\LQJ (QHUJ\ 3OXV LQVWHDG RI 7UQV\V LW KDV
EHHQGLFWDWHGE\ WKH IDFW WKDQ(QHUJ\3OXVKDVEHHQ
FRQVLGHUHG PRUH VXLWDEOH IRU WR PDNH D UHDOLVWLF
VLPXODWLRQ PRGHOV 7KLV WLPH WKH URRP KDV EHHQ
PRGHOHGH[DFWO\DVLWZDVLQUHDOLW\ZLWKRXWVLPSOLI\
DQ\ JHRPHWU\ $OVR WKH VKDSH RI WKH ZLQGRZV
VODQWHG LQ VRPH SRLQWVZDVPRGHOHGZLWK SUHFLVLRQ
ZLWK WKHDLPWRHYDOXDWH WKHULJKWKHDW JDLQHQWHULQJ
LQ WKH HQYLURQPHQW GXULQJ WKH GDLO\ KRXUV $W WKLV
DLPWKHILUVWFDOLEUDWLRQRIWKHPRGHOFRQVLVWHGLQWKH
LPSOHPHQWDWLRQ RI PRQLWRUHG ZHDWKHU GDWD LQ WKH
(QHUJ\3OXVZHDWKHUGDWDILOHXVHGLQWKHVLPXODWLRQV
,Q SDUWLFXODU WKLV PRQLWRUHG GDWD FRUUHVSRQG WR WKH
SDUDPHWHUVORJJHGE\WKHZHDWKHUVWDWLRQGHVFULEHGLQ
7DEOH  7KH UDQJH RI VXSSO\ ZDWHU WHPSHUDWXUH LQ
WKH K\GURQLF FLUFXLW ZDV VHW DFFRUGLQJ ZLWK WKH
PRQLWRUHGGDWDIURP&WR&DQGWKHKRXUVRI
WKHV\VWHPRSHUDWLQJZHUHVHWDVWKH\ZHUHGXULQJWKH
H[SHULPHQW 7KH YHQWLODWLRQ V\VWHPZDV DOVR VHW IRU
ZRUNLQJ DV LQ UHDOLW\ VHWWLQJ WKH IORZ UDWH  NJV
GXULQJ 6 DQG ZLWK DQ DYHUDJH LQOHW WHPSHUDWXUH
EHWZHHQ & DQG & 7KH URRP VHWSRLQW
WHPSHUDWXUHZDVVHW&
7KHVLPXODWLRQPRGHOKDVEHHQYDOLGDWHGWKURXJKWKH
FRPSDULVRQZLWKWKHH[SHULPHQWDOGDWD&RKHUHQF\LQ
WKHUHVXOWVKDVEHHQYHULILHGLQWHUPVRIWLPHSURILOHV
RI WKH DWWHQGHG EHKDYLRUV 5HVXOWV DQG IXUWKHU
LQIRUPDWLRQ DUH VKRZQ LQ 5DLPRQGR 
.QRZLQJVXSSO\DQGUHWXUQZDWHUWHPSHUDWXUHLQWKH
7$%6 V\VWHP DQG IORZ UDWH LQ WKH SLSHV WKH ORDGV
UHPRYHGE\ WKH7$%6FDOOHGZDWHU ORDGV &DXVRQH
HW DOO  ZHUH FDOFXODWH E\ XVLQJ WKH EDVLF
HTXDWLRQ
4$ PFS'7    
:KHUH
P IORZUDWHLQWKHSLSHV
&S VSHFLILFKHDWRIWKHZDWHU
'7 UHWXUQDQGVXSSO\ZDWHUWHPSHUDWXUHGLIIHUHQFH
LQWKHSLSHV
,QWKHFDOFXODWLRQVWKHIORZUDWHLQWKHSLSHVZDVVHW
DWLWVQRPLQDOYDOXHHTXDOWR>OV@
)LJXUHVKRZVERWKWKHSURILOHVRIWKHFRROLQJORDGV
LQWKHURRPDQGWKHZDWHUORDGV$VZHGRQRWKDYH
VWHDG\VWDWHWKHVHWZRYDOXHVPD\QRWEHHTXDO
'XULQJ6 WKH7$%6ZHUHQRWZRUNLQJ WKH LQWHUQDO
ORDGV LQ WKH URRP H[FHHGHG  :P DQG WKH
WHPSHUDWXUHVLQWKHURRPLQFUHDVHGH[FHSWZKHQWKH
YHQWLODWLRQ V\VWHPZDV RSHUDWLQJ'XULQJ WKLV WLPH
WKH VODE DFFXPXODWHG D ORW RI KHDW WKDW EHJDQ WR EH
UHPRYHGE\ZKHQWKH7$%6VWDUWHGZRUNLQJ6XSSO\
WHPSHUDWXUHLQWKHFLUFXLWZDVLQWKHEHJLQQLQJDERXW
&DQGWKHQVWDUWHGWRIOXFWXDWHEHWZHHQ&DQG
&'XULQJWKHQRUPDOZRUNLQJGD\VRIVXPPHU
RYHUWKHH[SHULPHQWVWKHWHPSHUDWXUHLQWKHURRPLV
XVXDOO\ EHWZHHQ & DQG & DQG WKH VXSSO\
ZDWHU WHPSHUDWXUH LQ WKH 7$%6 LV DURXQG & $W
WKH HQG RI 6 WKH GLIIHUHQFH RI ZDWHU WHPSHUDWXUH
EHWZHHQ VXSSO\ DQG UHWXUQ UHDFKHG & DQG WKH
FRROLQJ ORDGV UHPRYHG E\ WKH V\VWHP RQ WKH ZDWHU
VLGH UHDFKHG  :P 7KLV ZDV GXH WR WKH KHDW
VWRUHGLQWKHFRQFUHWHVODEV

)LJXUH3URILOHVRI2SHUDWLYHWHPSHUDWXUHVXSSO\
DQGUHWXUQZDWHUWHPSHUDWXUHZDWHUORDGVDQGKHDW
ORDGVLQWKHURRP
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'XULQJ6 WKH ORDGV LQ WKH URRPZHUH UHGXFHG DQG
DOVR WKH ZDWHU ORDGV UHGXFHG 7KH URRP RSHUDWLYH
WHPSHUDWXUH EHWZHHQ WKH EHJLQQLQJ DQG WKH HQG RI
WKHVFHQDULRGHFUHDVHGRIDERXW&6DPHWUHQGZDV
IRU WKH UHWXUQZDWHU WHPSHUDWXUH LQ WKH SLSHV ZKLOH
WKHVXSSO\ZDWHUWHPSHUDWXUHNHSWFRQVWDQWDVLWZDV
LQ 6 'XULQJ QRUPDO ZRUNLQJ GD\V UHWXUQ ZDWHU
WHPSHUDWXUHLVDOPRVWHTXDOWRRSHUDWLYHWHPSHUDWXUH
ZKLOH GXULQJ WKH H[SHULPHQWV WKH ǻ7 ZDV DOZD\V
DERXW.
'XULQJ6DOVRSHRSOHZHUHLQWKHURRPWRJHWKHUZLWK
WKH GXPPLHV %RWK 7$%6 DQG YHQWLODWLRQ V\VWHP
ZHUH ZRUNLQJ WRJHWKHU YHQWLODWLRQ V\VWHP
FRQWULEXWHG WR UHPRYH ORDGV IURP WKH URRP 7KH
WHPSHUDWXUH LQ WKH URRP GHFUHDVHG DW & DQG WKH
VXSSO\ ZDWHU WHPSHUDWXUH LQ WKH SLSHV ZDV DOPRVW
FRQVWDQW DURXQG & &RQVLGHULQJ WKDW WKH DLU
WHPSHUDWXUH VHW SRLQW ZDV & IRU WR UHDFK ORZHU
WHPSHUDWXUHV LQ WKH URRP LQ FDVH RI KLJK WKHUPDO
ORDGV LQ WKH URRP WKH VXSSO\ ZDWHU WHPSHUDWXUH LQ
WKH7$%6QHHGHGWREHUHGXFHG

3KDVH&ULWLFDODQDO\VLVRIWKHUHVXOWV
,Q RUGHU WR HYDOXDWH WKH SHUIRUPDQFH RI WKH FRROLQJ
V\VWHP WKUHH GLIIHUHQW FRQILJXUDWLRQV RQH IRU HDFK
VFHQDULRZHUHDQDO\]HGGXULQJ WKH V\VWHPRSHUDWLQJ
WLPH7KHVHFRQILJXUDWLRQVUHSUHVHQWDQLQVWDQWRIWKH
VFHQDULR DQG D VFKHPH RI WKHVH FRQILJXUDWLRQV LV
LOOXVWUDWHGLQ)LJXUH
$YHUDJHYDOXHVRIPHDVXUHGSDUDPHWHUV LQ WKH WKUHH
FRQILJXUDWLRQVDUHOLVWHGLQ7DEOH)URPWKHGDWDLW
LV VHHQ WKDW WKH RXWVLGH WHPSHUDWXUH LQFUHDVHG IURP
VFHQDULR  WR  ZKLOH WKH LQGRRU DLU WHPSHUDWXUH
GHFUHDVHG 7KLV H[SODLQV WKH KLJKHU ORVVHV IRU
WUDQVPLVVLRQV WKURXJK ZDOOV DQG ZLQGRZV DQG
LQILOWUDWLRQVRI6UHVSHFWWR6DQG6
7DEOH0HDVXUHGWHPSHUDWXUHLQWKHWDEVV\VWHPLQ
WKHYHQWLODWLRQV\VWHPLQWKHURRPDQGRXWVLGH
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
)RU UDGLDQW V\VWHPV D ODUJH SDUW RI WKH KHDW WUDQVIHU
EHWZHHQ KHDWHGFRROHG VXUIDFH DQG URRP LV E\
UDGLDWLRQZKLFKFDQEHKLJKOLJKWHGE\FRPSDULQJWKH
UDGLDQW DQG FRQYHFWLYH WUDQVIHU FRHIILFLHQWV 3HULQR
 &DXVRQH HW DO  )URP (1 
 WKH DSSURDFK WR FDOFXODWH D FRPELQHG KHDW
WUDQVIHUVFDQEHH[SUHVVHGDV
4$ KFKU'7   
:KHUH
KFKUIORRU :P.
KFKUFHLOLQJ :P.
'7 GLIIHUHQFH RI WHPSHUDWXUH EHWZHHQ WKH DYHUDJH
DLU WHPSHUDWXUH LQ WKH URRP DQG WKH VXUIDFH
WHPSHUDWXUH
:LWK WKLV PHWKRG LQ DGGLWLRQ WR WKH DOUHDG\
FDOFXODWHG ZDWHU ORDGV DOVR WKH ORDGV UHPRYHG
LQVWDQWDQHRXVO\ IURP WKH URRP E\ WKH FRRO FHLOLQJ
VXUIDFH VR FDOOHG VXUIDFH ORDGV &DXVRQH HW DOO
ZHUHGHWHUPLQHG
5HVXOWVRIDOO WKHDQDO\VLVFDQEHVXPPDUL]HG LQ WKH
VFKHPHVRIILJXUH
'XULQJWKHFRQILJXUDWLRQRI6VXUIDFHVWHPSHUDWXUHV
ZHUH QRW FROOHFWHG ,Q WKLV FDVH MXVW WKH WRWDO KHDW
JDLQV LQ WKH URRPDQGZDWHU ORDGVZHUHGHWHUPLQHG
$V DOUHDG\ VDLG GXULQJ WKH SUHYLRXV WZR GD\V WKH
K\GURQLF V\VWHP ZDV QRW UXQQLQJ DQG WKH VODE
DFFXPXODWHGDORWRIUDGLDQWKHDWWKDWZDVDIWHUZDUGV
UHPRYHG GXULQJ WKH IROORZLQJ GD\V 7KH RSHUDWLYH
WHPSHUDWXUH LQ WKH URRP ZDV KLJK EXW WKLV LV
H[SODLQHG E\ WKH IDFW WKDW QR V\VWHPZHUH ZRUNLQJ
)URPWKLV LQWHUYDORI WLPH WKH WHPSHUDWXUHVWDUWHG WR
GHFUHDVH
6WDQGDUG(1(1GHILQHVUDQJHV
RI RSHUDWLYH WHPSHUDWXUHV IRU WKH WKHUPDO FRPIRUW
HYDOXDWLRQ WKURXJK D FODVVLILFDWLRQ &DWHJRULHV JR
IURP , EHVW WR ,9 ZRUVW 7KH XSSHU OLPLW RI
FDWHJRU\,,,IRUVXPPHUSHULRGLQRIILFHVLV&$V
LW LVSRVVLEOH WRVHH IURPWKH WHPSHUDWXUHSURILOHVRI
)LJXUHDQG)LJXUHGXULQJWKLVVFHQDULRWKLVOLPLW
KDVEHHQH[FHHGHG
'XULQJ WKH LQVWDQWDQHRXV FRQILJXUDWLRQ RI 6 KHDW
JDLQVLQWKHURRPZHUHVWLOOKLJK6XUIDFHORDGVZHUH
ORZHU WKDQZDWHU ORDGVEHFDXVH7$%6FRQWLQXHG WR
UHPRYH ORDGV DFFXPXODWHG LQ WKH VODE GXULQJ WKH
SUHYLRXVGD\V7KLVIDFWGHPRQVWUDWHVWKDWGXULQJ6
WKH 7$%6 FRROLQJ WKH FHLOLQJ VXUIDFH ZHUH
EDODQFLQJWKHFRROLQJQHHGVRIWKHURRP7KHLQGRRU
RSHUDWLYH WHPSHUDWXUHZDVDURXQG& XSSHU OLPLW
RI FDWHJRU\ ,, DFFRUGLQJ ZLWK (1 
'XULQJDOO6WKHRSHUDWLYHWHPSHUDWXUHZDVEHWZHHQ
&DQG&7KLVPHDQVWKDWWKHFRPIRUWUHTXHVWV
ZHUH UHVSHFWHG EHLQJ WKDW WKH EXLOGLQJ KDV EHHQ
GHVLJQHGWREHLQFDWHJRU\,,RIWKHUPDOFRPIRUW
'XULQJWKHWKLUGFRQILJXUDWLRQVKRZQLQILJXUHWKH
YHQWLODWLRQZDVFRQWULEXWLQJWRUHPRYHORDGVIURPWKH
URRP 5HVXOWV GHQRWH WKDW WKH V\VWHP ZDV QRW
UHPRYLQJLQVWDQWDQHRXVO\HQRXJKKHDWWRFRPSHQVDWH
WKH ORDGSURGXFHGE\ LQWURGXFHGKHDWJDLQV)LQDOO\
WKH RSHUDWLYH WHPSHUDWXUH ZDV DURXQG &
UHVSHFWLQJFDWHJRU\,RIWKHUPDOFRPIRUW
,Q RUGHU WR DQDO\]H WKH SHUIRUPDQFH RI 7$%6 WKH
ZDWHU ORDGV LQ WKH WKUHH FRQILJXUDWLRQV ZHUH
FDOFXODWHG LQ UHODWLRQ WR WKH GLIIHUHQFH EHWZHHQ WKH
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DYHUDJH ZDWHU WHPSHUDWXUH DQG URRP RSHUDWLYH
WHPSHUDWXUH 7KLV LV HTXLYDOHQW WR WKH WRWDO KHDW
H[FKDQJHFRHIILFLHQWEHWZHHQZDWHUDQGURRP
KWRWDO />7RS±7VXSS7UHW@         
:KHUH
KWRWDO   7RWDO KHDW H[FKDQJH FRHIILFLHQW LH ZDWHU
ORDGVIRUGHJUHHWHPSHUDWXUHGLIIHUHQFHEHWZHHQ
DYHUDJH ZDWHU WHPSHUDWXUH LQ WKH FLUFXLW SRXU
VTXDUHPHWHU>:P&@
/ :DWHUORDGVFDOFXODWHGZLWK>:P@
7RS 2SHUDWLYHWHPSHUDWXUH>&@
7VXSS 6XSSO\ZDWHUWHPSHUDWXUHLQWKH7$%6>&@
7UHW 5HWXUQZDWHUWHPSHUDWXUHLQWKH7$%6>&@
5HVXOWVDUHVKRZQLQILJXUH

)LJXUH±,QVWDQWDQHRXVFRQILJXUDWLRQIRUWKHWKUHH
VFHQDULRV

)LJXUH±:DWHUORDGVSHUGHJUHHWHPSHUDWXUH
GLIIHUHQFHEHWZHHQDYHUDJHZDWHUWHPSLQWKHSLSHV
)LJXUH  VKRZV WKDW WKH V\VWHP UHPRYHG DYHUDJHO\
DERXW  :P SHU GHJUHH WHPSHUDWXUH GLIIHUHQFH
EHWZHHQDYHUDJHZDWHUWHPSHUDWXUHFRROLQJFDSDFLW\
  :P& GXULQJ DOO WKH VFHQDULRV 7KLV PHDQV
WKDW DOVR LQ FDVH RI GLIIHUHQW ORDGV LQ WKH URRP WKH
V\VWHP FRQWURO DOORZHG WR PDLQWDLQ D JRRG
SHUIRUPDQFH 7KH DYHUDJH ZDWHU WHPSHUDWXUH LQ WKH
SLSHV ZDV DOZD\V DURXQG & ZKLOH WKH RSHUDWLYH
WHPSHUDWXUH GHFUHDVHG IURP 6 WR 6 :KHQ IRU
H[DPSOH WKH RSHUDWLYH WHPSHUDWXUH ZDV & 6
DQG FRQVHTXHQWO\ WKH WHPSHUDWXUH GLIIHUHQFH ZDV
& WKH V\VWHP FRXOG UHPRYH DERXW  :P
:DQWLQJ WR HYDOXDWH KRZ PXFK ORDGV FRXOG EH
UHPRYHGE\WKHV\VWHPDWORZHUZDWHUWHPSHUDWXUHLI
WKH DYHUDJH ZDWHU WHPSHUDWXUH LQ WKH SLSHV LQ WKDW
FDVHZDV&LWFRXOGEHVDLGWKDWWKHV\VWHPFRXOG
WKHQ UHPRYH DERXW  :P EXW LQ WKDW FDVH WKH
VXSSO\WHPSHUDWXUHZRXOGEHWRRORZ&ZKLFK
FRXOG LQFUHDVH WKH ULVN IRU FRQGHQVDWLRQ RQ WKH
VXSSO\ SLSHV DQG LW ZRXOG EH PRUH GLIILFXOW WR
FRQWURO6RDFRROLQJFDSDFLW\RI:PFDQEH
GRFXPHQWHGE\WKHSUHVHQWWHVW
&21&/86,216
,QWKLVSDSHUWKHSHUIRUPDQFHFRROLQJFDSDFLW\RID
7KHUPDO $FWLYH %XLOGLQJ 6\VWHP 7$%6 ZDV
VWXGLHGE\ILHOGPHDVXUHPHQWVVXSSRUWHGE\G\QDPLF
VLPXODWLRQV7KHIROORZLQJUHVXOWVZHUHREWDLQHG
- 6XSSRUW RI G\QDPLF EXLOGLQJ VLPXODWLRQV LV XVHIXO
IRUGHVLJQLQJDPRUHDFFXUDWHILHOGWHVWDQGIRUWKH
DQDO\VLV RI WKH UHVXOWV LQ SDUWLFXODU LQ WKH
GHWHUPLQDWLRQRILQWHUQDOORDGV
- 7KH PHDVXUHPHQWV VKRZ WKDW XQGHU GLIIHUHQW
VFHQDULRV WKH WRWDO KHDW H[FKDQJH FRHIILFLHQW
EHWZHHQ WKH DYHUDJH ZDWHU WHPSHUDWXUH DQG WKH
URRP RSHUDWLYH WHPSHUDWXUH ZDV DOPRVW FRQVWDQW
DERXW:PSHUGHJUHHWHPSHUDWXUH
- 7KHDQDO\]HGV\VWHPFRXOGUHPRYHIURPWKHURRPD
FRROLQJ ORDG RI :P XVLQJ DQ DYHUDJH VXSSO\
ZDWHU WHPSHUDWXUH LQ WKH SLSHV RI & +LJKHU
FRROLQJ ORDGV FRXOG EH UHPRYHG ZLWK ORZHU
WHPSHUDWXUH
- 7KH SUHVHQFH RI WKH VXVSHQGHG FHLOLQJ GLG QRW
LQWHUIHUH ZLWK WKH DELOLW\ RI WKH V\VWHP WR NHHS
FRPIRUWLQWKHURRP
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$YHUDJHZDWHU7LQSLSHV $YHUDJH2SHUDWLYH7
2SHUDWLYH7$YHUDJHZDWHU7 /RDGVUHPRYHG2SHUDWLYH7$YHUDJHZDWHU7
6FHQDULR 6FHQDULR 6FHQDULR

/RDGVUHPRYHGE\WKH
7$%6RIWKH URRP
EHORZ:P
6XUIDFHORDGV?
9HQWLODWLRQ
:P
,QILOWUDWLRQV
:P
7U:DOOV
:P
3HRSOH
:P
+HDWHUV
:P
/LJKWV
:P
6RODU*DLQV
:P
'XPPLHV
:P
7U:LQGRZV
:P
Instant of  Scenario 1
7RS  °&
7R  °&
6XUIDFHORDGV
:P
9HQWLODWLRQ
:P
,QILOWUDWLRQV
:P
7U:DOOV
:P
3HRSOH
:P
+HDWHUV
:P
/LJKWV
:P
6RODU*DLQV
:P
'XPPLHV
:P
7U:LQGRZV
:P
Instant of  Scenario 2
7F  °&
7RS  °&
7R  °&
7I  °&
/RDGVUHPRYHGE\WKH
7$%6RIWKH URRP
EHORZ:P
6XUIDFHORDGV
:P
9HQWLODWLRQ
:P
,QILOWUDWLRQV
:P
7U:DOOV
:P
3HRSOH
:P
&RPSXWHUV
:P
/LJKWV
:P
6RODU*DLQV
:P
'XPPLHV
:P
7U:LQGRZV
:P
Instant of  Scenario 3
7F  °&
7RS  °&
7R  °&
7I  °&
/RDGVUHPRYHGE\WKH
7$%6RIWKH URRP
EHORZ:P
:DWHUORDGV:P
:DWHUORDGV:P
:DWHUORDGV:P
+HDWJDLQV
:P
+HDWJDLQV
:P
+HDWJDLQV
:P
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- $OVR ZLWK KLJK OHYHO RI ORDGV LQ WKH URRP WKH
K\GURQLF V\VWHP ZDV DEOH WR NHHS WKH WKHUPDO
FRPIRUW FRQGLWLRQV ,Q SDUWLFXODU ZKHQ DOVR WKH
YHQWLODWLRQ V\VWHP ZDV UXQQLQJ (PSOR\HHV WKDW
ZHUHZRUNLQJLQWKHRIILFHGXULQJWKHWKLUGVFHQDULR
FRQILUPHGWKDWIDFWILOOLQJTXHVWLRQQDLUHV

5()(5(1&(6
%DELDN- HG2OHVHQ%:3HWUiã'/RZ
WHPSHUDWXUH KHDWLQJ DQG KLJK WHPSHUDWXUH
FRROLQJ5HKYD*XLGHERRNQ
%DELDN - 'HHFNH + *HLWKH 2 1LHOVHQ /
&RROLQJ ZLWK WKHUPDOO\DFWLYH PDVV LQ H[WUHPH
FOLPDWLF FRQGLWLRQV WK :RUOG &OLPD 
&RQJUHVV$QWDO\D7\UNH\0D\
%UDXQ -(  /RDG FRQWURO XVLQJ EXLOGLQJ
WKHUPDO PDVV -RXUQDO RI 6RODU (QHUJ\
(QJLQHHULQJ
&DXVRQH ) &RUJQDWL 63 )LOLSSL02OHVHQ%:
 6RODU UDGLDWLRQ DQG FRROLQJ ORDG
FDOFXODWLRQ IRU UDGLDQW V\VWHPV 'HILQLWLRQ DQG
HYDOXDWLRQRIWKH'LUHFW6RODU/RDG(QHUJ\DQG
%XLOGLQJV±
&DXVRQH ) &RUJQDWL 63 )LOLSSL 0 2OHVHQ %:
 ([SHULPHQWDO HYDOXDWLRQ RI KHDW WUDQVIHU
FRHIILFLHQWV EHWZHHQ UDGLDQW FHLOLQJ DQG
URRP(QHUJ\DQGEXLOGLQJVYROSS

&RUJQDWL 63 )LOLSSL 0 &DXVRQH ) 
&DOFXODWLRQ PHWKRG IRU VXPPHU FRROLQJ ZLWK
UDGLDQW SDQHOV &OLPD &RQIHUHQFH +HOVLQNL
)LQODQG
'H&DUOL0*+DXVHU'6FKPLGW3=HFFKLQ5
=HFFKLQ$QLQQRYDWLYHEXLOGLQJEDVHGRQ
DFWLYHWKHUPDOVODEV\VWHPV,($(&%&6$QQH[
 ³/RZ ([HUJ\ 6\VWHPV IRU +HDWLQJ DQG
&RROLQJRI%XLOGLQJV´
(1  ,QGRRU HQYLURQPHQWDO LQSXW
SDUDPHWHUV IRUGHVLJQDQGDVVHVVPHQWRIHQHUJ\
SHUIRUPDQFHRIEXLOGLQJV DGGUHVVLQJ LQGRRU DLU
TXDOLW\ WKHUPDO HQYLURQPHQW OLJKWLQJ DQG
DFRXVWLFV%UXVVHOV
(1  +HDWLQJ V\VWHPV LQ EXLOGLQJV
'HVLJQRIHPEHGGHGZDWHUEDVHGVXUIDFHKHDWLQJ
DQG FRROLQJ V\VWHPV 'HWHUPLQDWLRQ RI WKH
GHVLJQKHDWLQJDQGFRROLQJFDSDFLW\
)HOOLQ)6RPPHU.6WXG\RIDORZHQHUJ\RIILFH
EXLOGLQJZLWK WKHUPDO VODEVDQGJURXQGFRXSOHG
KHDW SXPS 3URFHHGLQJV WK $7, 
&RQIHUHQFH3DGXD,WDO\
)HXVWHO +( 6WHWLX &  +\GURQLF UDGLDQW
FRROLQJSUHOLPLQDU\ DVVHVVPHQW (QHUJ\ DQG
%XLOGLQJ
*ZHUGHU 0 /HKPDQQ % 7RGWOL - 'RUHU 9
5HQJJOL ) &RQWURO RI WKHUPDOO\DFWLYDWHG
EXLOGLQJ V\VWHPV 7$%6 $SSOLHG (QHUJ\ 

+DDVH 0 $QGHUVRQ ,  7KHUPDO 0DVV
&RQFHSWV6WDWHRIWKHDUW6LQWHI5HSRUW
+HQ]H*3)HOVPDQQ&.DO]'(+HUNHO6
 3ULPDU\ HQHUJ\ DQG FRPIRUW SHUIRUPDQFH
RI YHQWLODWLRQ DVVLVWHG WKHUPRDFWLYH EXLOGLQJ
V\VWHP LQ FRQWLQHQWDO FOLPDWHV (QHUJ\ DQG
%XLOGLQJV
.DO] ' 3IDIIHURWW - .DJHUHU )0RQLWRULQJ DQG
HYDOXDWLRQ RI QLJKWWLPH YHQWLODWLRQ DQG UDGLDQW
FRROLQJ FRQFHSWV DSSOLHG WR ORZ HQHUJ\ RIILFH
EXLOGLQJV3URFHHGLQJV%XLOGLQJ6LPXODWLRQ
&RQIHUHQFH%HLMLQJ&KLQD
/HKPDQ % 'RUHU 9 *ZHUGHU 0 5HQJJOL )
7RGWOL -  7KHUPDOO\ DFWLYDWHG EXLOGLQJ
V\VWHPV7$%6(QHUJ\HIILFLHQF\DVDIXQFWLRQ
RIFRQWUROVWUDWHJ\K\GURQLFFLUFXLWWRSRORJ\DQG
FROG JHQHUDWLRQ V\VWHP $SSOLHG (QHUJ\ 
±
/HKPDQQ % 'RUHU 9 .RVFKHQ] 0 
$SSOLFDWLRQ UDQJH RI WKHUPDOO\ DFWLYDWHG
EXLOGLQJ V\VWHPV 7$%6 (QHUJ\ %XLOGLQJV 
±
2OHVHQ %: 'H &DUOL 0 6FDUSD 0 DQG
.RVFKHQ]0 '\QDPLF HYDOXDWLRQ RI WKH
FRROLQJ FDSDFLW\ RI WKHUPRDFWLYH EXLOGLQJ
V\VWHPV$6+5$(7UDQVDFWLRQV
2OHVHQ%:+\GURQLF UDGLDQW KHDWLQJ DQG FRROLQJ
RI EXLOGLQJV XVLQJ SLSHV HPEHGGHG LQ WKH
EXLOGLQJ VWUXFWXUH  $,&$55 
&RQIHUHQFH0LODQR,WDOLD
3HULQR 0 HG 6WDWH RI WKH DUW 5HYLHZ 9RO$
5HVSRQVLYH%XLOGLQJ(OHPHQWV$QQH[
3IDIIHURWW -8 +HUNHO 6 .DO] ' ( =HXVFKQHU
$  &RPSDULVRQ RI ORZHQHUJ\ RIILFH
EXLOGLQJV LQ VXPPHU XVLQJ GLIIHUHQW WKHUPDO
FRPIRUWFULWHULD(QHUJ\DQG%XLOGLQJV
5DLPRQGR'3K'WKHVLV,QGRRUDQG(QHUJ\
TXDOLW\DVVHVVPHQWLQEXLOGLQJV
5LMNVHQ'2&-:LVVH$:0YDQ6FKLMQGHO
 5HGXFLQJ SHDN UHTXLUHPHQWV IRU FRROLQJ
E\ XVLQJ WKHUPDOO\ DFWLYDWHG EXLOGLQJ V\VWHPV
(QHUJ\DQG%XLOGLQJV±
6DQWDPRXULV 0 $VLPDNRSRXORV '  3DVVLYH
&RROLQJ RI %XLOGLQJV -DPHV	-DPHV 6FLHQFH
3XEOLVKHU/WG/RQGRQ
7LDQ = /RYH - $  (QHUJ\ SHUIRUPDQFH
RSWLPL]DWLRQ RI UDGLDQW VODE FRROLQJ XVLQJ
EXLOGLQJ VLPXODWLRQ DQG ILHOG PHDVXUHPHQWV
(QHUJ\DQG%XLOGLQJV
=HLOHU : %R[HP *  (IIHFW RI WKHUPDO
DFWLYDWHGEXLOGLQJV\VWHPVLQVFKRROVRQWKHUPDO
FRPIRUWLQZLQWHU%XLOGLQJDQG(QYLURQPHQW

=LPPHUPDQQ 0 $QGHUVVRQ -  &DVH VWXG\
EXLOGLQJV ,QWHUQDWLRQDO(QHUJ\$JHQF\(QHUJ\
&RQVHUYDWLRQ LQ %XLOGLQJV DQG &RPPXQLW\
6\VWHP 3URJUDP  $QQH[  /RZ (QHUJ\
&RROLQJ(03$=(1'EHQGRUI6ZLW]HUODQG
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